Summary
The species flocks of cichlid fishes in the East African Great Lakes are the largest vertebrate adaptive radiations in the world and illustrious textbook examples of convergent evolution between independent species assemblages. Although recent studies suggest some degrees of genetic exchange between riverine taxa and the lake faunas, not a single cichlid species is known from Lakes Tanganyika, Malawi and Victoria that is derived from the radiation associated with another of these lakes. Here, we report the discovery of a haplochromine cichlid species in Lake Tanganyika, which belongs genetically to the species flock of haplochromines of the Lake Victoria region. The new species colonized Lake Tanganyika only recently, suggesting that faunal exchange across watersheds and, hence, between isolated ichthyofaunas, is more common than previously thought.
Introduction
Adaptive radiation, the rapid evolution of novel species as a consequence of adaptation to distinct ecological niches, is thought to have played an important role in the origin of phenotypic diversity [1] . species-rich vertebrate adaptive radiations, consisting of hundreds of endemic species each [2] [3] [4] . Lake Tanganyika, the oldest lake, harbours the genetically and phenotypically most diverse cichlid assemblage comprising 12-16 'tribes' [5] . The radiations in Lakes Malawi and Victoria involve only one of these tribes, the Haplochromini, making this the most species-rich cichlid lineage [4] .
The haplochromines probably originated in the area of Lake Tanganyika, from where they colonized water bodies in large parts of Africa, including Lakes Malawi and Victoria [6] [7] [8] . This 'out of Tanganyika' scenario [6] implies that the seeding events of the haplochromine radiations in Lakes Malawi and Victoria date back to 1-5 and less than 0.25 Ma, respectively [6] [7] [8] [9] . The latter radiation is not confined to only the basin of Lake Victoria, but includes the cichlid faunas of other lakes and rivers in the area, including Lakes Edward, George, Kivu and the Lake Rukwa drainage; it is hence referred to as the 'Lake Victoria region superflock' (LVRS) [6, 7, 10] .
While Lake Tanganyika's cichlid assemblage has long been regarded as polyphyletic [11] , the haplochromines from Lake Malawi and the LVRS were considered reciprocally monophyletic [7, 12, 13] . This view has recently been challenged with the analysis of large sets of nuclear DNA markers, which uncovered a polyphyletic origin of Lake Malawi's haplochromines [14, 15] , and high levels of shared genetic polymorphisms between the cichlid faunas of all three lakes [15, 16] . These findings, together with the identification of similar or even identical genotypes across large geographical scales [17, 18] , suggest that the hydrologic systems in East Africa are more permeable for cichlids than previously thought. It has even been proposed that riverine species have 'transported' polymorphisms between lakes [15] .
Interestingly, however, not a single case of a recent colonization of a Great Lake through a riverine lineage has been documented, and none of these lakes is known to contain a species belonging to a lineage associated with another Great Lake's radiation. Here we report the discovery of a haplochromine cichlid species in Lake Tanganyika, which belongs genetically to the LVRS.
Material and methods
In 2011 and 2012, we collected 12 specimens of a new haplochromine species (named Haplochromis sp. 'Chipwa' hereafter) in a shoreline habitat within Lake Tanganyika at Chipwa Village, between 500 and 1000 m south from the Kalambo River mouth. Five additional specimens were sampled in 2011 in the Lufubu River delta on Lake Tanganyika's western shoreline (open water distance between these locations: more than 55 km; figure 1a, b). In both localities, the new species co-occurs with the widespread haplochromine Astatotilapia burtoni found within Lake Tanganyika and in affluent rivers [20] . The new taxon was identified as undescribed species in the field by A.I.
For comparative reasons, we sampled additional haplochromines, including a morphologically similar species (Haplochromis stappersii) from rivers Malagarasi (n = 4) and Rusizi (n = 1) (electronic supplementary material, tables S1-S3). Sampling was performed using our standard operating procedure [21] ; vouchers were deposited at the University of Basel or the Royal Museum of Central Africa, Tervuren.
In order to place the new taxon into a phylogenetic context, we amplified and sequenced two nuclear (ednrb1: 524 bp; phpt1: 434 bp) and two mitochondrial (mtDNA) loci (d-loop: 373 bp; ND2: 1047 bp), following the protocols described elsewhere [21, 22] . These markers were chosen on the basis of the existence of large quantities of reference data on GenBank. The newly obtained sequences were inspected by eye in CODONCODEALIGNER, combined with available data from GenBank, aligned with MAFFT [23] , and the appropriate models of molecular evolution were determined with JMODELTEST [24] . All specimens of the new species were identical in all four loci.
To identify the placement of the new species in the haplochromine phylogeny, we performed a stepwise approach using three different datasets: first, we wanted to confirm our ad hoc assumption that the new taxon does not belong to any of the Tanganyikan cichlid lineages (and genera) known to date. To this end, we combined the nuclear and ND2 sequences of the new species with a representative set including all East African cichlid lineages [21] , resulting in a total of 83 taxa. The concatenated data (2001 bp) was analysed using Bayesian inference with MRBAYES [25] (10 000 000 generations, four chains, two runs, 25% burn-in, three partitions: GTR + I + Γ ; GTR + I + Γ ; GTR + Γ ) and maximum likelihood (ML) with GARLI (http://garli.nescent.org) (50 runs, 500 bootstrap replicates; three partitions: TIM3 + I + Γ ; TVM + I + Γ ; TPM2uf + Γ ). In a second step, we focused on ND2 only, as many more reference data are available for this common marker in cichlids [6, 8] . We again combined our data with available sequences from GenBank (216 taxa in total) and used MRBAYES (3 000 000 generations, four chains, two runs, 25% burn-in; GTR + I + Γ ) and GARLI (50 runs, 500 bootstraps; TIM2 + I + Γ ). On the basis of this tree, we selected 86 taxa for an in-depth analysis focusing on the species belonging to the LVRS and its figure S3 ) based on a 365 bp segment of the control region. The identification of a shared haplotype between the Malagarasi and the LR basin (M2/LR1) corroborates a recent connection between these watersheds, e.g. via 'Ugalla-Rungwa' or 'Nkululu-Rungwa' connections [19] . Colour-codes correspond to (a) and (c), haplotype numbers refer to [7] .
closest sister taxa (MRBAYES: 10 000 000 generations, four chains, two runs, 25% burn-in, GTR + I + Γ ; GARLI: 50 runs, 500 bootstraps, TrN + I + Γ ). Finally, we integrated the mitochondrial control region sequences of H. sp. 'Chipwa' in the largest available dataset of members of the LVRS [7] . We performed an analysis using 178 unique mitochondrial haplotypes [7] , representing about 900 specimens of the LVRS plus outgroup taxa, using GARLI (50 runs; 500 bootstraps; K81uf + I + Γ ). On the basis of the resultant tree, we chose a representative subset of 27 sequences to construct a haplotype genealogy following the method described in [19] and using the first segment of the mitochondrial control region (373 bp).
Results
The analysis of the concatenated nuclear and mtDNA dataset resulted in highly congruent trees (electronic supplementary material, figure S1), in which H. sp. 'Chipwa' formed a strongly supported clade with four taxa representing the LVRS (ML bootstrap = 100, posterior probability = 1), thus confirming previous results based on a large set of nuclear DNA markers [26] .
In the more inclusive ND2 phylogeny, the new species was firmly placed within the LVRS sensu [7] (electronic supplementary material, figure S2 ; ML bootstrap = 100, posterior probability = 1). Within this clade, the single ND2 haplotype of the new species from Lake Tanganyika clustered with H. stappersii from the Malagarasi River plus another undescribed species from Tanzania (figure 1c). Interestingly, two H. stappersii were not part of this clade: the sample from Rusizi River in Burundi and the one with unknown sampling location used by Schwartzer et al. [18] , suggesting that specimens previously identified as H. stappersii are not reciprocally monophyletic and belong to at least two distinct mitochondrial lineages.
In the mtDNA haplotype genealogy, the new species was grouped into a clade of riverine taxa derived from the central haplotype of the LVRS (haplotype 25 in [7] ; see the electronic supplementary material, figure S3 ). The reduced dataset ( figure 1d ) highlights that the single haplotype found in H. sp. 'Chipwa' from Lake Tanganyika is derived from the central haplotype of this riverine clade (M2/LR1) by one mutation (nucleotide divergence: 0.29%). We refrained from performing a molecular clock analysis here, which is problematic with just one mutational difference. However, a single difference in the cichlids' mitochondrial control region is typically interpreted as recent and in the range of a maximum of tens of thousands of years [7, 9] .
Discussion
In this study, we report the discovery of a haplochromine species in Lake Tanganyika, which belongs to a clade of riverine haplochromines that is part of the LVRS (figure 1; electronic supplementary material, figures S1-S3). The phylogenetic position of the new species and the existence of identical mtDNA haplotypes on both sides of Lake Tanganyika suggest that this taxon colonized this lake recently and spread across its southern basin. Accidental translocation, e.g. with aquacultured tilapia, seems unlikely given the absence of farmed tilapia at the sampling localities. Instead, it appears likely that the new species entered Lake Tanganyika naturally.
East Africa is a geologically active area and it has been assumed that river captures mediated by tectonic movements, erosion and fluctuations in precipitation allowed for past connections between watersheds [27] [28] [29] [30] . Since the mtDNA haplotype of the new species (HLT in figure 1) is derived from the central haplotype (M2/LR1) found in the Malagarasi and in the Lake Rukwa drainage, two alternative dispersal scenarios emerge: either via the Malagarasi River followed by southward coastal migration, or from the Lake Rukwa drainage. Given the large geographical distance between the Malagarasi River and the collection sites and that we never caught any specimen in the coastline north of the Kalambo estuary, the latter scenario appears more plausible-especially, since geological evidence suggests that Lake Rukwa was connected to Lake Tanganyika in the Early Holocene via the Karema Gap [29] . The existence of such a connection has further been corroborated with fossil molluscs and ostracods in Lake Rukwa, which resemble extant taxa from Lake Tanganyika [28] . Another recent Lake Rukwa-Lake Tanganyika connection has been hypothesized in the Kalambo-Mwimbi fault, where rivers Kalambo and Mfiwizi run, in close proximity and in opposite direction, through a swampy depression [27] . Any fish migrating downstream the Kalambo River would, however, face the challenge of a 221 m high waterfall.
With the finding of a member of the LVRS in Lake Tanganyika, we provide, to our knowledge, the first record of a cichlid species in an East African Great Lake that features genetic affinities to the fauna of another Great Lake. More precisely, we show that a haplochromine species belonging to the most recent large-scale cichlid adaptive radiation, the LVRS dated at less than 0.25 Ma [6] [7] [8] [9] , managed to migrate into the much older Lake Tanganyika, and to establish itself alongside the existing lake endemics. Haplochromis sp. 'Chipwa' thus represents yet another cichlid lineage that independently colonized Lake Tanganyika. Our discovery thus lends empirical support to the hypothesis that occasional migration of riverine taxa into lakes might have 'transported' genetic polymorphism between the cichlid species flocks in the East African Great Lakes [15] . Note, however, that we only demonstrated the first step required by the 'transporter hypothesis', i.e. the arrival of a distantly related haplochromine species into an established cichlid radiation. Whether this resulted in the second step, i.e. gene-flow from a divergent lineage into an established lacustrine species, remains unanswered and should be examined in the future.
Taken together, we demonstrate that recent faunal exchange occurred between the otherwise nonoverlapping cichlid assemblages of the LVRS and Lake Tanganyika, thereby extending the area covered by LVRS taxa to now also include the southern part of Lake Tanganyika and affluent rivers. Our findings are in line with recent reports of shared mtDNA haplotypes across large geographical scales in haplochromines [17, 18] and, particularly, with the view that faunal exchange between cichlid faunas of rivers and lakes is more common than previously thought [15] . We thus suggest that more attention should be directed towards the survey of riverine cichlid communities, which are understudied compared to the endemic faunas of Lakes Tanganyika, Malawi and Victoria.
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